The coastal plant Pandanus odoratissimus L.f. is distributed from the tropics to the subtropics. We studied this species to clarify the differences in its population dynamics and growth strategies between populations at a tropical plot at Cipatujah, West Java, Indonesia (7˚46 S, 108˚04 E) and at subtropical plot at Tokuno-shima Island, Japan (27˚53 N, 128˚57 E). We measured plant morphological characteristics and estimated plant growth from stem elongation during a one year period. We analysed genetic differentiation using five inter-simple sequence repeat ( 
INTRODUCTION
Pandanus is a monocot genus in the Pandanaceae with 600 to 700 species (Callmander et al. 2003 , St. John 1960 , Stone 1975 , 1983 . Some Pandanus species have a single stout stem, like that of a palm, that exceeds 20 m in height, whereas others have a herbaceous or shrubby habit. Members of this genus occupy a wide range of habitats in tropical and subtropical zones, including sandy or rocky coasts, riversides, at the back of mangrove forests, swamp forests, lowland dipterocarp forests, savannas, and mountain forests up to 2900 m above sea level (Stone 1966 (Stone , 1983 . The most typical habitat is a sandy coast. Pandanus odoratissimus L.f. is an example of a dominant species that often forms dense vegetation along tropical and some subtropical coasts of eastern Asia, and is found from the Maldives Islands of the Indian Ocean to Malesia and nor thward to Japan , s Ryukyu
Islands (Stone 1967) . It can reach a height of 10 m, and has linear leaves up to 3 m long by 9 cm wide in the tropical zone (Stone 1967) . Pandanus tectorius Parkinson, a similar coastal Pandanus species, is found eastward of the range of P. odoratissimus in the Hawaiian islands, Micronesia, Fiji, and its surrounding islands (Stone 1975) , though P. odoratissimus is found at higher latitudes.
The distribution of P. odoratissimus is exceptionally wide compared with other vascular plants, which raises the question of why it has such a wide distribution. One explanation may be high plasticity that allows adaptation to a range of environmental conditions. Our aim in the present study was to clarify whether this species differed in its population dynamics and growth strategies between populations from very different climatic zones; to test this hypothesis, we investigated a population in tropical Indonesia (Cipatujah, West Java) and another in subtropical Japan (Tokuno-shima Island, Kagoshima Prefecture). There have been no comparative studies of
Pandanus species between populations in tropical and subtropical zones except some studies have revealed growth and production differences among P. tectorius at several sites in tropical zone (Ash 1987 , Cox 1985 , Heatwole et al. 1981 , Lee 1989 .
Sexual reproduction in P. odoratissimus is achieved
by production of a fruit composed of 40 to 100 phalanges.
Each phalange includes several seeds within its hard coat, and is the propagule that is dispersed by sea currents. When the propagule reaches land, several sister seedlings emerge at the same point. The species can also reproduce vegetatively from submerged stem bases, although the vegetative reproduction of Pandanus through rhizomes has never been reported (Cox 1985) .
The ability of P. odoratissimus to reproduce both vegetatively and sexually would influence its total genetic diversity both within and among populations. The reproduction type, breeding system, seed dispersal mechanisms, and geographic range of a plant are all important factors that influence its population genetic structure (Hamrick and Godt 1996, Hu et al. 2008) . In the present study, we used inter-simple sequence repeat (ISSR) analysis to examine the genetic differentiation within P. odoratissimus populations. This sensitive, reproducible, and cost-efficient method can be used to i n v e s t i g a t e t h e g e n e t i c s t r u c t u r e a n d g e n e t i c differentiation within and among populations of limited or widespread species (Alexander et al. 2004 , Deshpande et al. 2001 , Ge et al. 2005 , Hu et al. 2008 , McCauley and Ballard 2002 , Rossi et al. 2009 , Xiao et al. 2004 . ISSR was also reported as a useful method for analyzing species that lacked available sequence information, because this m e t h o d d o e s n o t r e q u i r e p r i o r D N A s e q u e n c e information before amplification (Hu et al. 2008) . Our study is the first to reveal the genetic dif ferentiation within and between P. odoratissimus populations.
MATERIALS AND METHODS

Study sites
The tr opical study site is a sandy beach in the In the study plots, plant growth was measured based on the stem length, number of new stem internodes, and their elongation rate. Growth was measured along the stem if it had no branches. We randomly chose one of the paired branches of branched individuals to measure plant growth, because the orthotropic branching system of Pandanus (Ash 1987 , Hallé et al. 1981 makes it difficult to identify the main stem of branched individuals. We painted a mark at the bottom of a spiral leaf to identify the leaf scar and any newly exposed stem internodes during subsequent measurements. The fourth-youngest of the spiral leaves was labelled with a thin wire to record new leaf production above that point. The growth of seedlings was not measured. In total, we measured 170 stems or We measured the length and diameter of the mature fruit and counted the number of phalanges per fruit at Cipatujah and on Tokuno-shima. To avoid measurement of immature fruits, we chose fruits that were not covered by bractea and green fruits with a tinge of orange or red colour. We assumed that these fruits had already reached their maximum size. Seed germination and seedling growth were observed by planting mature phalanges in a greenhouse using a mixture of vermiculite or sand with commercial humus (3:1 in volume ratio) as the growth medium. To minimize the impact on our measurements of plants within the plots, we collected only dropped mature phalanges from outside the plots for the seed germination study. In total, we planted 100 mature phalanges from Cipatujah in a greenhouse at Bandung, Indonesia. Since the number of dropped mature phalanges was limited on Tokuno-shima, we collected 104 phalanges from nearby islands (Amami-oshima and Yoron-jima) and planted them in a greenhouse at Kagoshima University. The time until germination and the number of seeds that germinated from each phalange were recorded, and the number, length, and width of the leaves on each seedling were measured.
Genetic analysis
Leaf samples were collected randomly from 60 plants at each plot. The leaf surface was sterilized using 1% bleach to remove dust and fungi, and samples were stored individually in airtight plastic bags filled with silica gel until DNA extraction. The total genomic DNA was extracted from a 50-mg (dry weight) sample of each leaf using the Plant Genomic DNA Extraction Miniprep System (Viogene-Biotek Corp., Taiwan) based on the procedure described in the system , s manual. We Bands of amplified DNA were obtained from the digital image and processed to identify the ladder patterns. Only distinct bands were counted, and bands
were scored as present (1) or absent (0) at each position.
Data analysis
The effects of stem length and site on the annual elongation were analyzed using the GLM (Generalized Linear Model) module of version 2.10.1 of the R software (www.r-project.org). We performed regression analysis using a parabolic equation for the relationship between stem elongation and stem length based on the assumption that the growth of stem length follows a logistic curve.
We assembled a data matrix for the ISSR banding patterns and used Jaccard , s similarity index (Watanabe et al. 2006) to analyze the pairwise similarity between ISSR banding patterns using the following equation:
where GD is the genetic similarity index between individuals i and j, a is the number of bands that appear in both individuals, and b and c are the number of bands present only in individuals i and j, respectively.
To examine the effect of spatial distance on genetic similarity, we analyzed the correlations between spatial distance and Jaccard , s genetic distance in all pair wise combinations of samples. Spatial distance between samples was calculated using the coordinate data and categorized into 14 classes: 10 classes at 1-m intervals for distances less than 10 m and 4 classes at 10-m intervals for distances from 10 to 50 m. The genetic similarities between pairs were randomly permutated using software that we developed using Microsoft Visual Basic 6.0 (a copy of the software is available from the author, on request), and the average genetic similarity in 1000 trials for each distance class and the 25 th lowest and highest values were used as 95% confidence inter vals for each distance class (Degen and Scholz 1998) . leaves than those at Tokuno-shima ( Fig. 1; t-test, P<0 .05).
RESULTS
Size of individuals
Density change
At the time of the first survey, the plant densities were 2038 ha -1 at Cipatujah and 3660 ha -1 at Tokuno-shima ( Fig.   2A ). Immature individuals usually formed a dense vegetation cover that was difficult to penetrate. There were more immature individuals than seedlings and mature individuals at Cipatujah, whereas seedlings were most abundant and immature individuals were least abundant at Tokuno-shima (Fig. 2B) . In the second year, the density had more than doubled at Cipatujah (to 4350 ha -1 ) and nearly tripled (to 10 370 ha -1 ) at Tokuno-shima ( Fig. 2A) (Fig. 2B) . The number of mature individuals at Cipatujah increased because many immature individuals began fruiting after the first survey was completed (Fig. 2B) .
Sexual reproduction
Fruit production was similar at both locations, averaging 3.5 6.2 and 3.3 2.1 fruits per stem at Cipatujah and Tokuno-shima, respectively. The fruits were significantly larger (t-test, P<0.01) and had more phalanges per fruit (t-test, P<0.01) at Cipatujah (Fig. 1) .
At Cipatujah, we found many male and female flowers in Febr uar y 2008. The lifespan for a male inflorescence was about 1 week, after which the flower soon decayed. The female inflorescences were similar in shape to the fruits, but smaller, and grew for about 10 months until they matured. As a result, young fruits could be observed throughout the year. After the fruits mature, the phalanges drop. In Februar y 2008, many mature phalanges were found on the ground below their parent.
Inside the 4000-m 2 transect at Cipatujah, we found 91 males and 85 females (a 1:0.93 sex ratio). The average height and diameter did not differ significantly (P>0.05) between the males (height = 5.2 1.5 (SD) m, diameter = 12 1.2 cm) and the females (height = 5.6 1.8 m, diameter = 11.5 2.2 cm). The maximum sizes did not differ significantly (P>0.05) between the males (height = 7.9 m, DBH = 13.7 cm) and the females (height = 9 m, DBH = 15 cm). The males produced significantly (t-test, P<0.01) more branches (22 14.2 [SD]) than the females (13 7.4). Ash (1987) also reported that male P. tectorius produced more branches than females.
At Tokuno-shima, we found no male flowers during our obser vations in March and April. Obser vations of herbarium specimens compensated for this lack of field data. There were 33 herbarium specimens from Indonesia and 27 specimens from southern Japan ( Table 1) . It is likely that males flower throughout the year at Cipatujah.
In contrast, male flowers were only found in Januar y, March, and August in southern Japan. Though fruits and Tokuno-shima. The "1st yr" group of data before the 2nd year, and white boxes represent the immature, and mature stages based on the first-year and second-year data.
were found during most of the year at both locations, it was difficult to distinguish young and mature fruits based on the herbarium collection. The male flowers may therefore indicate the flowering season, which may be the whole year in the tropics but only for a few months in the subtropics.
Plant growth
Germination and seedling growth were observed in the Kagoshima University greenhouse for two years. At the Bandung greenhouse, observations lasted 16 months and no germination was obser ved. It might be too humid.
Phalanges planted at Kagoshima began to germinate 3 months after planting. Seedlings emerged gradually. A total of 160 seedlings grew in the first year (3 to 8 months after planting), and another 49 seedlings grew in the second year after planting. The germination rate was 75.9% of the planted phalanges. At Second year after planting, 209 seedlings were produced from 104 phalanges. The average, mode, and maximum number of germinated seedlings per phalange in the greenhouse were 2.6, 2, and 6, respectively (Fig. 3) . These results dif fered from those in the natural populations. At Cipatujah, one seedling per phalange was common (75%), and the average, mode, and maximum number of seedlings per phalange were 1.4, 1, and 5, respectively. At Tokuno-shima, 42.3% of the phalanges produced only one seedling, and the average, mode, and maximum numbers of seedlings per phalange were 3.4, 1, and 9, respectively.
On average, a 1-year-old seedling in the greenhouse produced 5.8 leaves ( 2.1 SD, n = 160). The average leaf was 9.7 cm long ( 3.7 SD) and 0.7 cm wide ( 0.2 SD).
After 2 years, the average number, length, and width of the leaves increased to 8.8 ( 2.6 [SD], n = 209), 12.4 cm ( 3.6), and 0.9 cm ( 0.2). 
where a, b, c, and d are regression constants, and S represents the site (Cipatujah or Tokuno-shima).
The values of the constants were a = -0.000164**, b = 0.06572***, c = 14.24*** for both sites, and d values were -11.12*** for Tokuno-shima and 0 for Cipatujah. (**, P<0.01; ***, P<0.001). The P. odoratissimus at Cipatujah grew significantly faster (by 11.12 cm yr -1 ) than those at Tokuno-shima, and the average stem elongation was 18 cm yr -1 at Cipatujah and 7 cm yr -1 at Tokuno-shima.
Genetic similarity
The five ISSR primers used in this study produced a total of 105 distinct bands. In total, we scored 87 and 78 bands for the Cipatujah and Tokuno-shima populations, respectively. Figure 5 shows the relationship between the pairwise genetic similarities in each distance class as a SD) than at Cipatujah (0.280 0.142 SD). The genetic similarity was highest at a distance less than 1 m, and differed significantly from a random distribution in both populations. In this distance class, 43% of the pairs had a genetic similarity greater than 80%, but no individuals had a similarity greater than 90%. Pandanus can reproduce vegetatively and form a clump of stems from the genets.
Because we sampled separate stems above the ground, it was possible that some of the stems were connected below the ground. The lack of any individuals with a similarity greater than 90% suggests that the high similarity between nearby individuals was not caused by vegetative reproduction. The genetic similarities in some distances from 0 to 10 m range were higher than the 95% confidence inter vals of the random distribution. The similarities between individuals separated by 10 to 50 m wer e n o t s ig n i fica nt ly d if fer en t f r o m a random distribution, indicating that the offspring were randomly distributed and that individuals were well mixed within the two populations.
DISCUSSION
The plants in the Cipatujah population were generally taller and had longer leaves, larger fruits, and more Environmental factors such as rainfall, temperature, and typhoon (cyclone) frequency and intensity may be responsible for the morphological differences between the two P. odoratissimus populations. Tokuno-shima has a subtropical seasonal climate, with hot and wet summers, frequent typhoons, and relatively cold and dry winters. In contrast, Cipatujah has a nearly constant temperature and precipitation throughout the year and never experiences typhoons. Low rainfall and high cyclone frequency have been reported to influence the growth of another coastal species in this genus, P. tectorius (Ash 1987 , Heatwole et al. 1981 . Ash (1987) found that solitary individuals taller than 6 m rarely sur vived a cyclone. Though a tsunami caused by an earthquake near the southern coast of Java in July 2006 damaged some of the P. odoratissimus population at Cipatujah, many of the tall individuals survived. The vegetation structure of the Tokuno-shima population suggests that it is damaged more frequently than the Cipatujah population by intense storms. Shorter individuals with more branches that bear shorter and narrower leaves may therefore be an adaptation by the Tokuno-shima plants to minimize the destructive effects of typhoons which also make huge damage in villages a n d a g r i c u l t u r e s i n To k u n o -s h i m a . T h e l o w e r temperature is also another factor suppressing the elongations of stems and leaves. The bigger fruit size at Cipatujah might result from the warmer climate or genetic difference. However, the climatic differences did not appear to affect the stem diameter, which might be controlled more strongly by genetic factors.
Population establishment
Plants in both populations produced seedlings from phalanges in the fields, but no seedlings were produced in the Bandung greenhouse trial. One possible reason for this failure is dif ferences in the humidity. Bandung greenhouse seems to be more humid than natural condition, however we did not measur e it. The germination rate in the Kagoshima greenhouse (75.9%) in this study was lower than that in a similar study of P.
tectorius, in which the germination rate reached 90% (Lee 1989) .
The phalanges of P. odoratissimus function as a dispersal agent (i.e., as propagules). Each phalange has a membranous and hollow mesocarp, and the seeds are covered by a hard endocarp. These characteristics are suitable for dispersal via ocean currents. When fruits drop on the sand, some phalanges will be dragged by waves into the ocean and dispersed to another location on the island or transferred to other islands, whereas other phalanges will be spread far ther inland by the tide. Nakanishi (1988) reported that P. odoratissimus phalanges are buoyant and can float in seawater for 1 to 2 mo. This result is consistent with our findings from the Kagoshima greenhouse experiment, in which seedlings only started to germinate about 3 mo after planting (i.e., after a floating phalange either reached a suitable site or sank).
Local dispersal by crabs or by fruit bats has been reported in P. tectorius (Cox 1985 , Lee 1989 . The lower part of the phalange is sweet, soft, and edible, though the upper par t that covers the seeds is hard and can withst and long dispersal by sea cur r ents. In P.
odoratissimus, local dispersal by the flying fox (Pteropus dasymallus inopinatus) was reported by Nakamoto et al. (2009) The degree of shade in a seedling , s environment is an important factor in seedling establishment, as has been reported previously (Harper 1977 , Lee 1989 . In the present study, almost all seedlings that germinated under the canopy did not sur vive after 1 year, whereas those that germinated in an open area survived. A sunny habitat is therefore essential for the seedling establishment of P.
odoratissimus. In this context, short-distance dispersal by animals may have some significance for P. odoratissimus if it disperses the propagules outside the shade created by the parents.
In P. odoratissimus, several seeds in a phalange may germinate simultaneously. This will increase intraspecific competition, placing the individuals at a growth disadvantage, at least during their early development (Cox 1985 , Lee 1989 . Some Pandanus species such as P.
furcatus (a mountain species) have phalanges that contain only one seed, whereas other species in this genus have phalanges with several seeds. We hypothesize that producing phalanges that contain several seeds is a sur vival strategy for P. odoratissimus, which generally establishes its seedlings in the harsh environment of a sandy coast. After several months of growing in a crowded clump, the seedlings develop strong roots and start to separate from each other. The fluidity of sand and seawater would then subsequently encourage local dispersal of these seedlings. This species also appears to have some kind of regulation of seedling germination.
Some seedlings germinated during the first year after dropping from the parent, whereas others from the same phalange germinated gradually over the following year.
This is considerably less common in tree species than in herbaceous species (Harper 1977 , Silvertown 1984 
Genetic variation of the two populations
At Cipatujah, we found 87 polymorphic ISSR loci, while 78
were found at Tokuno-shima. The genetic similarity among individuals was lower at Cipatujah. These dif ferences suggest that P. odoratissimus has higher genetic diversity in the tropics, which is closer to the centre of the distribution of this species.
Pandanus odoratissimus can propagate vegetatively by separation of parts of the stem either above or below the ground. It is hard to distinguish whether the P. odoratissimus population consists of individuals produced by vegetative or sexual reproduction in the field. We found relatively low genetic similarity between apparently separate individual stems that were close together, suggesting that clonal growth was not an impor tant process in the development of P. odoratissimus stands at our study sites. In our analysis of the genetic similarity among stems in the distance from 0 to 50 m, the genetic similarity was not closely related to distance, but instead showed a random distribution at distances further than 1 m (Fig. 5) . Two factors may explain this randomness:
First, pollination may occur independently of the distance between male and female plants within a distance of less than 50 m. We observed some insects collecting pollen from the male flowers of P. odoratissimus at Cipatujah, but never observed the same insects visiting female flowers.
Instead, we observed some ants and cockroaches under the bracteal of the female flowers. Wind pollination has been repor ted for P. tectorius (Cox 1985) , so wind pollination might also be the dominant form for P.
odoratissimus. Wind pollination is an efficient pollination mechanism for a dioecious breeding system, since pollination is not constrained by the faunal composition (Cox 1985) and this may therefore decrease the barrier of the distance between parents (i.e., pollens brought by insects usually travel shor ter distances than those dispersed by the wind). A second explanation may be that the phalanges are dispersed ef fectively within the observed range of distances. Stands of P. odoratissimus are often washed by sea waves, and consequently phalanges that drop below a parent would be easily dispersed by water. Such dispersal might explain the random distribution of genetic similarity among the individuals in a population. Higher genetic similarity over a short distance can be explained by the characteristic of phalanges. One phalange contains many sister seeds, and seedlings produced by a single phalange would be more closely related to one another than to seedlings from other phalanges because they are more likely to share the same mother plant. Even if the phalanges are mixed randomly within a population, each phalange would still produce several sibling seedlings in close proximity.
CONCLUSION
Our research results indicate some differences in the morphological characteristic within P. odoratissimus in tr opics (Java) and subtr opics (souther n Japan). 
